X-ray, Al-Aryl-Al-Bridging
Introduction
Interest in structural chemistry of organoaluminum compounds centers around their unusual carbon atom bridging. This topic has recently been reviewed [1] . Two distinct types of bridge geometries have been recognized so far. The first (A), found in (CH3)6Al2 [2] , shows four equal Al-C bridging distances. The second class (B) is characterized by Al-C bridging distances differing by nearly 0.2 A and has been reported for phenylethynyl [3] and propynyl [4] bridged dimers. In the first class. X C V \ the Al atoms are believed to use sp 3 hybrid orbitals and the bridging C atoms hybrid o and to a lesser extent pjr orbitals in forming the three centered, electron-deficient bonds [5] [6] [7] [8] . In the second class, the stronger bridge bond is composed of an Al sp 2 and C sp hybrid orbital, the weaker bond arising from donation of acetylenic jr-bond density into the unused Al 3p orbital [3] . It was suggested that both steric and electronic factors may dictate which geometry is adopted when an unsaturated carbon atom participates in the bridge formation [9] .
The incorporation of ligand atoms into a bi- A number of compounds containing alumina carbocyclic rings are known [10, 11] , but detailed structural information on such electron-deficient aluminum systems in which the metal atom is bonded to three different organic residues has been lacking. We now wish to report the structure of the l-ethyl-3-methyl-l-alumina-indane dimer (I) [10] , the unusually distorted bridging geometry of which is directly relatable to the participation of the bridging aryl C atom in a Afunctional ligand.
Experimental
Crystals of I were taken from a sample kindly supplied by Prof. R. Köster of this institute, and mounted in thin-walled glass capillaries under dry argon. The space group was determined from precession and Weissenberg photographs. Precise cell constants were derived by a ! east-squares method [12] from Bragg angles determined with a diffractometer. Two forms of intensity data were measured. Crystal data and details of the data collection are included in Table I . Intensity data were corrected for absorption and converted to |Fo|'s. Equivalent reflections were merged, and 1836 unique |Fo|'s with I > 3cr (I) were assigned non-zero weights w and used in subsequent calculations.
The structure was solved by the heavy atom method and refined first isotropically and then anisotropically by full-matrix least-squares techniques. The function minimized was Zw A 2 where A = J|Fo| -|FC||. Hydrogen atom coordinates were found as the only significant peaks on a difference Fourier map and were refined isotropically. Isolated atom relativistic Hartree-Fock scattering factors [14] were used for all atoms except H [15] , the Al contributions being corrected for anomalous dispersion [16] . Examination of <wzl 2 ) plotted against |Fo|, sin 0/A and the Miller indices indicated that the 10 strongest reflections suffered from extinction effects and that the weighting scheme was inappropriate. These problems were surmounted by asigning w = 0 for the 10 strongest reflections and by recalculating the weights so that straight plots were obtained. Refinement converged with a maximum shift over error of 0.5 and residuals R = HA IZ |F0| = 0.037 and i?w = [27wzl 2 /27w |Fo| 2 ] X / 2 = 0.040. Positional parameters are given in Table II *. The numbering scheme for the nonhydrogen atoms is given in Fig. 1 , the H atoms being numbered after the carbon atoms to which they are attached. Bond distances and angles for the nonhydrogen atoms are listed in Table III . The H atoms have been moderately well located for an X-ray examination, the 15 C-H bonds varying from 0.90(4) to 1.06(5) Ä with a mean of 1.00(4) A. Table III . Selected distances (A) and angles (°) for I.
2.6639 (7) 2.168(1) While the monomers possess the structure assigned earlier [10] , use of the 1-alumina-indane nomenclature blurs the Afunctional character of the hydrocarbon residue o-C6H4CH(CH3)CH2. This chelate ligand bonds to the Al atom via an aromatic and an aliphatic C atom, C(l) and C(8), respectively. C(l) and C(l)' participate in formation of the centrosymmetric A1-C(1)-A1'-C(1)' bridging ring while C(8) and C(8)' occupy positions exocyclic to the ring. The ethyl carbons C(10) and C(10)' form the remaining exocyclic bonds with Al and Al', respectively. The bond Al-C(8), 1.974(2) A, is slightly but significantly longer than Al-C( 10), 1.964(2) A. While both are longer than the corresponding values reported for (CH3)6A12, they fall in the range of such bonds in other organoaluminum compounds (Table IV) . (2) A, than the Al-C(l) bond. The Al-Al' distance, 2.6639 (7) A, and mean Al-C (bridge) bond length, 2.136 A, are the shortest reported for phenyl bridged compounds (Table IV) . Shorter mean Al-C (bridge) distances were found for methyl [2c-d], cyclopropyl [7 b] , vinyl [9] and ethynyl [3, 4] bridged dimers. The normals to the best planes of the AI2C2 bridging ring and the nearly planar (rms deviation 0.008 A) phenyl groups form a dihedral angle of 73.2°, which is smaller than that reported for (C6H5)6A12, 84.4° [6] . The phenyl ring shows significant distortions from 6/mmm (Döh) symmetry, <C(2)-C(1)-C(6), 117.8(1)°, deviating furthest from 120°. Larger such deviations were [17] [6] [9] [3]
[4] * The C-C-C of the bridging phenyl carbon atom.
reported for (CeHgjeAla [6] and (CHsMCeHs^Al [17] ( Table IV) .
The Al-C(l)-C(2)-C(7)-C(8) ring is in the twist conformation. Evidence for ring strain is given by the large deviation of <C (1) 
Discussion
While I has been shown to be dimeric in benzene and cyclohexane [10] , the bridged species in solution has not been characterized. Since X H NMR investigations have indicated the preference of aryl to alkyl bridging groups in organoaluminum dimers [18] , the structure of I found here is likely to be the dominant dimeric species in noncoordinating organic solvents.
The unusual sensitivity of the Al-C (bridge) distances to the orientation of the C (bridge) o orbital [19] is understandable in terms of the general bonding description for symmetrically bridged electron-deficient compounds. Here Al sp 3 orbitals are directed approximately along the internuclear axes, and the carbon orbitals are directed towards the AI2C2 ring center (Fig. 2 a) . Consequently these Al and C orbitals are so far from co-linearity that Al-C overlap becomes sensitive to the direction of the carbon orbital (Fig. 2 b) . Similar overlap arguments [21] were invoked in the case of the cluster compound [(CsHsHCsHOMoHJaA^CHa^ in which two C5H4 ligands bridge a four and a five coordinate Al atom, the mean bridging distances being 2.06 and 2.32 A, respectively [21, 22] , Certainly the Al coordination number plays a role here; e.g., the four coordinate Al atom has an "ate-like" geometry. Similarly distorted bridging rings were found in [(C5H4)2Mo]2Al4(CH3)6 [22] , Apparently asymmetrical bridging might be a frequent phenomenon brought about by both steric and electronic factors.
The decrease in A H° of the reaction 2 RgAl -> [R3A1]2 as the alkyl group R becomes bulkier has been presumed to be associated with changes in the geometry of the bridging ring [23] . While no structural data on higher alky Is is available, presumably steric crowding might so tilt the bridging alkyl moieties that their bridging orbitals are no longer directed towards the center of the AI2C2 ring. The structure of I indicates that an in-plane tilt of only a few degrees might destabilize the dimer with respect to two monomers.
The Al-C (bridge)-Al 71-bond shown in Fig. 2 c possibly contributes to the bridge bonding when the bridging group has filled p n orbitals [5] [6] [7] [8] available. In contrast to the a bond given in Fig. 2 a, the n bond is Al-Al' antibonding. As the electron pair in the a orbital becomes more localized on the bridging hydrocarbon residue, both Al-C (bridge) and Al-Al' interactions are weakened. Thus the substitution of an sp 3 hybridized by a more electronegative sp 2 hybridized bridging C atom {e.g., methyl for phenyl or vinyl groups) would not lead to stronger Al-C (bridge) bonds unless the n interaction is simultaneously significantly strengthenend. Such a substitution would, however, always lead to a weakening of the Al-Al' contacts as is observed (Table IV) . As seen for the phenyl bridged compounds in Table IV , the Al-C (bridge) and Al-Al' distances increase as <C-C(bridge)-C decreases. Because this angle would be decreased by both factors weakening the Al-Al' interaction [24] , the reason for the correlation remains obscured.
